Rice stripe virus (RSV) is one of the most damaging plant viruses and cause significant reductions of rice yield in temperate and subtropical regions including Korea, China, and Japan ([@ref37]). RSV-infected rice shows chlorotic stripes or necrotic streaks on newly developed leaves and subsequently exhibits premature wilting and stunted growth ([@ref12]). RSV is a non-enveloped virus with a genome of four negative-sense or ambisense segments of single-stranded RNA ([@ref11]; [@ref14]). RSV is transovarially transmitted in a persistent manner by *Laodelphax striatellus* ([@ref34]). Specific interactions between *L. striatellus* and RSV are required for successful transmission of RSV; it has been reported that healthy rice could not be infected with RSV extracted from viruliferous rice ([@ref44]). Transcriptome and proteome-based comparative analyses of RSV-viruliferous and non-viruliferous *L. striatellus* have been performed to elucidate the interactions between RSV and *L. striatellus* ([@ref20]; [@ref23]; [@ref22]; [@ref43]).

RNA interference (RNAi) is considered as a promosing strategy for interfering with the replication of plant viruses in their vector insects ([@ref16]), as it is an important mechanism of defense against viral infection in plants and insects ([@ref33]; [@ref36]). In insects, RNAi-mediated antiviral immunity involves cleavage of double-stranded RNAs (dsRNAs) or short hairpin RNAs (shRNAs) into virus-derived small interfering RNAs (vsiRNAs) by the RNase III enzyme, Dicer ([@ref9]; [@ref39]). These vsiRNAs are assembled into the RNA-induced silencing complex by interaction with Argonaute 2 (AGO2) to cleave complementary mRNAs ([@ref35]).

RNAi-mediated control of plant viruses in their vector insects could be achieved either directly by silencing of viral transcripts or indirectly by silencing host genes essential for viral replication ([@ref16]). Replication of RSV in *L. striatellus* has been efficiently suppressed not only by application of exogenous RSV-specific dsRNAs ([@ref1]) but also by transcriptional silencing of *L. striatellus* genes, specifically, CRP1 and LsE75 ([@ref7]; [@ref23]). In a previous comparative transcriptomic analysis, we identified *L. striatellus* genes that are strongly upregulated in RSV-viruliferous *L. striatellus* ([@ref20]). In the present study, we investigated the efficacy of RNA-induced transcriptional silencing of *L. striatellus* genes that are upregulated in RSV-viruliferous *L. striatellus* in suppressing RSV replication in this vector.

Materials and Methods
=====================

Insect and virus
----------------

Individual of non-viruliferous *L. striatellus* were collected from the healthy rice (*Oryza sativa*) in the field and reared on uninfected rice in an insectary at 28°C and 80% relative humidity under a 16 h light/8 h dark photocycle. The RSV-infested rice used in this study was kindly provided by the National Institute of Crop Science, Miryang, Korea. RSV-viruliferous *L. striatellus* was obtained by feeding 2nd instar nymphs of naive *L. striatellus* on RSV-infected rice (5-6 cm tall) for 5 days, with RSV infection confirmed by reverse transcription polymerase chain reaction as previously described ([@ref1]). The RSV-viruliferous *L. striatellus* individuals were provided RSV-infested rice periodically and maintained in the laboratory at 28°C and 80% relative humidity under a 16 h light/8 h dark photocycle.

Combined transcriptome analysis
-------------------------------

The short sequence reads of RSV-viruliferous and non-viruliferous *L. striatellus* that had previously been submitted to the NABIC (National Agriculture Biotechnology Information Center, Rural Development Administration, Korea) nextgeneration sequencing (NGS) Sequence Read Archive (SRA) database under accession numbers NN-0890 and NN-0884 were pooled and filtered using NGS QC Toolkit v2.3 ([@ref26]) to remove low quality (Q-score \>30) sequence reads. Trinity *de nov*o assembler v2.4 Software ([@ref10]) were then used to generate contigs longer than 200 bp from the filtered clean reads. The Trimmomatic ([@ref3]) command line option of Trinity software was applied to remove adapter and artifact sequences from the quality-filtered short reads. The standalone version of the TransDecoder program was used to predict protein-coding sequences, Subsequently, the CD-HIT-EST program was used to cluster homologous sequences with default parameters to merge highly homologous contigs (identity \>95%) to construct the final version of *in silico* cDNA library. The filtered short reads were then mapped to the cDNA library sequences using the Bowtie2 program ([@ref19]) with default parameters. The mapping results of each sample obtained by Bowtie2 were then quantified using the eXpress program ([@ref29]). The digital gene expression profiles of each sample obtained by eXpress were generated as fragments per kilobase of exon model per million fragments mapped (FPKM) values ([@ref24]) to compare the gene expression levels between RSV-viruliferous and non-viruliferous *L. striatellus*.

Synthesis of dsRNA
------------------

Candidate siRNA sites in target genes were predicted using BLOCK-iT RNAi Designer (<https://rnaidesigner.thermofisher.com/rnaiexpress>) and dsRNA sequences 500-700 bp in length and containing at least three candidate sites of siRNA were designed against each target gene. Single-strand cDNA of each target gene was synthesized from total RNA of *L. striatellus* using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) according to manufacturer's instructions and the target gene was amplified using KOD Neo FX DNA polymerase (Toyobo, Osaka, Japan) and primers with a T7 promoter sequence (5\'-TAATACGACTCACTATAG-3\') at the 5\'-end ([Supplementary Table 1](#S1){ref-type="supplementary-material"}) as previously described ([@ref7]). Using the amplified product as template, dsRNA for the target gene was produced by Genolution Phamaceuticals (Seoul, Korea).

RNAi in *L. striatellus*
------------------------

A series of concentrations (10, 50, and 250 ng/μl in 10% sucrose solution) of each dsRNA was applied to 4th instar nymphs of *L. striatellus* by a rice-mediated feeding method as previously described ([@ref1]). Briefly, a feeding chamber was fabricated from a 15-ml conical tube (Fisher Scientific, Waltham, MA, USA) with a hole at the top to provide air; a 10-μl tip was inserted in the hole to prevent *L. striatellus* individuals from escaping the tube. Parafilm M film (Bemis, Oshkosh, WI, USA) was used to seal the gap between 15-ml tube serving as the feeding chamber and the tube cap to create a reservoir for dsRNA solution. Three hundred microliters of each dsRNA solution was dispensed into the reservoir, and 3 rice leaves were placed over the dsRNA solution. Fifteen 4th instar nymphs of *L. striatellus* were treated using the 3 dsRNA-permeated rice leaves in the feeding chamber and placed in a growth chamber with a temperature of 28°C, 80% relative humidity, and a 16 h light/8 h dark photocycle. Total RNA was extracted from the dsRNA-fed nymphs at 48 h post-treatment using QIAzol Lysis Reagent (Qiagen) following the manufacturer's instructions. cDNA synthesis and quantitative PCR (qPCR) using the primers listed in [Supplementary Table 2](#S1){ref-type="supplementary-material"} were conducted as previously described ([@ref7]). All experiments were performed in triplicate on different days.

Statistical analysis
--------------------

Statistical analysis was performed by one-way ANOVA using SPSS Statistics version 24 (IBM Corp., Armonk, NY, USA). Multiple comparisons of mean values were performed by post hoc Scheffé\'s tests. *P*-values less than 0.05 were considered statistically significant.

Results
=======

Comparative transcriptome analysis
----------------------------------

To investigate genes in *L. striatellus* that were differentially expressed upon RSV infection, total raw reads from the RSV-viruliferous and non-viruliferous *L. striatellus* individuals were mapped to the 3,703 contig sequences that were functionally categorized in the gene ontology (GO) analysis to obtain the FPKM values. While 885 genes were over two-fold up-regulated in RSV-viruliferous *L. striatellus* relative to non-viruliferous *L. striatellus*, only 69 genes were over two-fold down-regulated in the former relative to the latter ([Table 1](#T1){ref-type="table"}). In particular, genes classified into the GO subcategories: \[Q\] secondary metabolites biosynthesis, transport and catabolism, \[P\] inorganic ion transport and metabolism, \[I\] lipid transport and metabolism, and \[Z\] cytoskeleton were expressed uniquely among the two-fold differentially expressed genes.

Selection and validation of target genes for RNAi application
-------------------------------------------------------------

To investigate whether RSV transmission in *L. striatellus* could be suppressed by silencing host genes related to RSV transmission, we selected 8 genes identified as up-regulated in the RSV-viruliferous *L. striatellus* based on the comparative transcriptome analysis and qPCR validation of relative transcription level ([Table 2](#T2){ref-type="table"}). Among these RNAi target genes, 6 genes (all except contig nos. 78749 and 80690) were shown to be at least 2-fold upregulated in the RSV-viruliferous *L. striatellus* in both the transcriptome sequencing and qPCR analyses ([Fig. 1](#F1){ref-type="fig"}). The other 2 target genes, contig nos. 78749 and 80690, were shown to be highly up-regulated in the RSV-viruliferous *L. striatellus* in the qPCR analysis (2.39- and 4.53-fold up-regulated, respectively) ([Fig. 1](#F1){ref-type="fig"}), although they were found to be only slightly up-regulated in the transcriptome sequencing analysis ([Table 2](#T2){ref-type="table"}).

Silencing of RNAi target genes in *L. striatellus* nymphs by feeding dsRNA
--------------------------------------------------------------------------

To evaluate the efficacy of dsRNAs in silencing the transcription of target genes potentially responsible for RSV replication in *L. striatellus*, each dsRNA was administered to RSV-viruliferous *L. striatellus* nymphs via the RNAi feeding system. qPCR revealed that transcription of all target genes tested was significantly decreased in each dsRNA-administered *L. striatellus* individual relative to the corresponding levels in control nymphs ([Fig. 2](#F2){ref-type="fig"}). Among the 8 target genes, contig no. 78749 exhibited the greatest decrease in transcription (approximately 21-fold) upon treatment with the corresponding dsRNA.

Suppression of RSV replication in *L. striatellus* nymphs that ingested vector-derived dsRNAs
---------------------------------------------------------------------------------------------

To investigate whether dsRNAs against *L. striatellus* genes up-regulated in RSV-viruliferous *L. striatellus* suppress replication of RSV in *L. striatellus*, qPCR analysis of the transcription of RSV genes in RSV-viruliferous *L. striatellus* individuals that had ingested dsRNA was performed. The transcription level of NS3, which is crucial for RSV replication and act as a viral suppressor of RNAi, was significantly reduced in *L. striatellus* individuals that had been treated with dsRNAs against contig nos. 76485 (ds76485), 78749 (ds78749), 80690 (ds80690), 81684 (ds81684), 82635 (ds82635), and 85613 (ds85613) compared with those treated with no dsRNA and dsGFP ([Fig. 3](#F3){ref-type="fig"}). Notably, transcription of NS3 showed pronounced and concentration-dependent decreases in ds78749-, ds81684-, and ds85613-treated *L. striatellus* ([Fig. 4](#F4){ref-type="fig"}).

Discussion
==========

Plant-to-plant transmission of most plant viruses is mediated by vector insects in a non-persistent, semi-persistent, or persistent manner ([@ref25]). RSV persistently replicates in the ovary of *L. striatellus* for transovarial transmission of the virus to the insect offspring and proliferates in the salivary glands for insect-to-plant transmission ([@ref13]; [@ref38]). Replication of persistent viruses in their vector insects triggers antiviral immune defense mechanisms, including activation of the RNAi pathway ([@ref5]). In RSV-viruliferous *L. striatellus*, vsiRNAs involved in RNAi-based antiviral immunity could potentially regulate transcription of vector genes, and thereby alter biological processes in vector insects to support viral replication ([@ref40]).

Recently, RNAi has been widely applied for knockdown of plant viruses in vector insects by silencing vector genes either to induce mortality of vector insects or to interfere with viral replication in vector insects ([@ref16]). Although there are many reports of successful RNAi-based gene silencing to induce mortality of insect vectors, there are few reports regarding the silencing of insect vector genes to interfere plant virus replication in vector insects. In *L. striatellus*, silencing of two genes encoding cuticular protein (CRP1) and E75 nuclear receptor (LsE75) has been reported to suppress replication of RSV ([@ref7]; [@ref23]).

Several *L. striatellus* genes that are differentially expressed between RSV-viruliferous and non-viruliferous individuals have been identified through comparative transcriptome surveys ([@ref20]). It has been speculated that strongly up-regulated genes in RSV-viruliferous *L. striatellus* might play crucial roles in the replication of RSV and represent candidates for RNAi-based silencing to suppress RSV replication in *L. striatellus*. Comparative transcriptome analysis revealed 8 genes that were up-regulated in RSV-viruliferous *L. striatellus* and that belonged to a diversity of GO groups. These 8 genes were selected for RNAi application to suppress replication of RSV in *L. striatellus* ([Fig. 1](#F1){ref-type="fig"}). Among these selected genes, 4 genes annotated to peroxiredoxin (contig no. 78749), host cell factor (contig no. 80690), cathepsin B (contig no. 81684), and cytochrome P450 (contig no. 85613) have been previously reported to be up-regulated in an organ-specific manner in RSV infection ([@ref43]). In this study, exogenous application of dsRNA against these 4 genes resulted in significant suppression of RSV replication in *L. striatellus* ([Fig. 3](#F3){ref-type="fig"}). Transcriptional silencing of peroxiredoxin, cathepsin B, and cytochrome P450 at very low concentration of dsRNA (as low as 0.4 ng/μl) markedly suppressed replication of RSV ([Fig. 4](#F4){ref-type="fig"}). These results demonstrated that comparative transcriptome analysis can aid the identification of genes related to the transmission of plant viruses in vector insects and that vector insect-derived genes related to replication of plant viruses could be effectively exploited to control plant viruses.

Peroxiredoxin is a ubiquitous family of antioxidant enzymes that eliminate reactive oxygen species that induce damage to host DNA, proteins, and lipid membranes, and cause dysfunction of cytoplasmic and nuclear signaling ([@ref32]). In *Bombyx mori*, peoxiredoxin has been reported to potentially play a protective role against oxidative stress caused by viral infection ([@ref21]). This finding suggests that post-transcriptional silencing of peoxiredoxin in *L. striatellus* might negativley affect RSV replication by hindering protection of *L. striatellus* from oxidative damage caused by RSV infection.

Cathepsin B is a lysosomal cysteine protease that play a crucial role in intracellular proteolysis ([@ref28]). In insects, cathepsin B is involved in various physiological processes, including silk gland histolysis during metamorphosis of *B. mori* larvae and yolk protein degradation during embryogenesis and adult fat body decomposition of *Helicoverpa armigera* ([@ref30]; [@ref41]; [@ref42]). RNAi-mediated silencing of cathepsin B gene was found to significantly reduce replication of dengue virus in the salivary gland of *Aedes aegypti* ([@ref31]), consistent with the results of the present study. Because cathepsin B has been reported to trigger apoptosis ([@ref15]; [@ref45]), it was hypothesized that inhibition of apoptosis by silencing of cathepsin B would preserve dengue virus-infected cells, maintaining dsRNA production and impairing replication of the virus through RNAi ([@ref31]). On the other hand, cathepsin B was found to be involved in decreased transmission efficiency of the potato leaf roll virus (PLRV) in *Myzus persicae* ([@ref27]). These observations indicate that relationships between cathepsin B and plant viruses in insect vectors are complex and vary among plant viruses and vector insects.

Cytochrome P450 proteins are a superfamily of hemethiolate enzymes that have been found in eukaryotes, archaea, bacteria, and viruses ([@ref18]). Insect genomes encode numerous, diverse cytochrome P450s which contribute to diverse physiological roles including metabolism of ecdysteroids and juvenile hormones, cuticular hydrocarbon synthesis, and protection against xenobiotics ([@ref8]). In addition, several cytochrome P450s are critical for insecticide resistance ([@ref4]). Although many examples of cytochrome P450-mediated insecticide resistance have been reported in insect vectors of plant viruses, including *L. striatellus*, *Nilaparvata lugens*, and *Trialeurodes vaporariorum* ([@ref2]; [@ref6]; [@ref17]), relationships between cytochrome P450s and plant viruses have not been described. Further studies are required to explore the effects of cytochrome P450s on the replication of RSV in *L. striatellus*, which might provide further insights into RSV-*L. striatellus* interactions.
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=================================

Supplementary materials are available at The Plant Pathology Journal website (<http://www.ppjonline.org/>).
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![Quantitative PCR (qPCR) analysis of the transcription of *Laodelphax striatellus* genes up-regulated in rice stripe virus (RSV)-viruliferous *L. striatellus*. The relative transcription levels are expressed as fold differences in RSV-viruliferous *L. striatellus* relative to non-viruliferous *L. striatellus* as determined by qPCR and calculated using the 2^-ΔΔCt^ method.](PPJ-36-280-f1){#F1}

![Silencing of RNA interference target gene transcription in rice stripe virus (RSV)-viruliferous *Laodelphax striatellus* nymphs that had ingested the corresponding double-stranded RNA (dsRNA). Fifteen 4th instar nymphs of RSV-viruliferous *L. striatellus* were fed on rice leaves steeped in each dsRNA for 48 h. Relative transcription levels of each gene in RSV-viruliferous *L. striatellus* nymphs that had ingested the corresponding dsRNA were measured by quantitative PCR. Different letters above error bars (indicating ± standard deviations) indicate a significant difference by *post hoc* tests (*P* \< 0.05).](PPJ-36-280-f2){#F2}

![Suppression of rice stripe virus (RSV) transmission in RSV-viruliferous *Laodelphax striatellus* nymphs that had ingested vector-derived double-stranded RNAs (dsRNAs). Fifteen 4th instar nymphs of RSV-viruliferous *L. striatellus* were fed on rice leaves steeped in each dsRNA (250 ng/μl) for 48 h. NT indicates RSV-viruliferous *L. striatellus* nymphs that had not ingested dsRNA. Relative transcription levels of the RSV NS3 gene in *L. striatellus* nymphs that had ingested the vector-derived dsRNAs were measured by quantitative PCR. Different letters above error bars (indicating ± standard deviations) indicate a significant difference by *post hoc* tests (*P* \< 0.05).](PPJ-36-280-f3){#F3}

![Dose-dependent suppression of rice stripe virus (RSV) transmission in RSV-viruliferous *Laodelphax striatellus* nymphs that had ingested vector-derived double-stranded RNAs (dsRNAs). Fifteen 4th instar nymphs of RSV-viruliferous *L. striatellus* were fed rice leaves steeped in various concentrations of each dsRNA (10, 50, and 250 ng/μl) for 48 h. Relative transcription levels of the RSV NS3 gene in *L. striatellus* nymphs fed the vector-derived dsRNAs were measured by quantitative PCR. Different letters above error bars (indicating ± standard deviations) indicate a significant difference by *post hoc* tests (*P* \< 0.05).](PPJ-36-280-f4){#F4}

###### 

Differentially expressed genes in RSV-viruliferous *Laodelphax striatellus*

  Functional group                                                      Sub-category                                                         No. of genes downregulated over 2-fold   No. of genes upregulated over 2-fold
  --------------------------------------------------------------------- -------------------------------------------------------------------- ---------------------------------------- --------------------------------------
  Metabolism                                                            \[Q\] Secondary metabolites biosynthesis, transport and catabolism   2                                        50
  \[P\] Inorganic ion transport and metabolism                          0                                                                    43                                       
  \[I\] Lipid transport and metabolism                                  13                                                                   66                                       
  \[H\] Coenzyme transport and metabolism                               0                                                                    17                                       
  \[F\] Nucleotide transport and metabolism                             1                                                                    10                                       
  \[E\] Amino acid transport and metabolism                             3                                                                    54                                       
  \[G\] Carbohydrate transport and metabolism                           3                                                                    64                                       
  \[C\] Energy production and conversion                                3                                                                    72                                       
  Cellular processes and signaling                                      \[O\] Posttranslational modification, protein turnover, chaperones   8                                        142
  \[U\] Intracellular trafficking, secretion, and vesicular transport   1                                                                    32                                       
  \[W\] Extracellular structures                                        0                                                                    4                                        
  \[Z\] Cytoskeleton                                                    3                                                                    79                                       
  \[N\] Cell motility                                                   0                                                                    0                                        
  \[M\] Cell wall, membrane, envelope biogenesis                        0                                                                    20                                       
  \[T\] Signal transduction mechanisms                                  4                                                                    104                                      
  \[V\] Defense mechanisms                                              1                                                                    4                                        
  \[Y\] Nuclear structure                                               0                                                                    2                                        
  \[D\] Cell cycle control, cell division, chromosome partitioning      3                                                                    5                                        
  Information storage and processing                                    \[B\] Chromatin structure and dynamics                               8                                        8
  \[L\] Replication, recombination and repair                           1                                                                    1                                        
  \[K\] Transcription                                                   2                                                                    45                                       
  \[A\] RNA processing and modification                                 9                                                                    33                                       
  \[J\] Translation, ribosomal structure and biogenesis                 4                                                                    30                                       
  Total                                                                 69                                                                   885                                      

RSV, rice stripe virus.

###### 

List of genes selected for RNAi application to suppress RSV replication in *Laodelphax striatellus*

  Contig no.   Blast hit                                           FPKM value in RSV-viruliferous *L. striatellus*   FPKM value in non-viruliferous *L. striatellus*   Up-regulated ratio in RSV-viruliferous *L. striatellus*
  ------------ --------------------------------------------------- ------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------
  75761        Structural constituent of cuticle protein           159.90                                            36.15                                             4.42
  76485        Actins                                              442.70                                            97.24                                             4.55
  78749        Peroxiredoxins, prx-1, prx-2, prx-3 protein         0.91                                              0.57                                              1.59
  80690        Host cell factor                                    0.55                                              0.53                                              1.05
  81684        Cathepsin B protein                                 298.80                                            22.47                                             13.30
  82635        ND                                                  9.90                                              2.74                                              3.61
  85613        Cytochrome P450 protein                             4.76                                              1.43                                              3.33
  86923        Protein involved in cellular iron ion homeostasis   420.20                                            46.32                                             9.07

RNAi, RNA interference; RSV, rice stripe virus; FPKM, fragments per kilobase of exon model per million fragments mapped.
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